Objective: Pendred syndrome (PS) is characterized by the association of sensorineural hearing loss (SNHL) and a partial iodide organification defect at the thyroid level. It is caused by mutations in the SLC26A4 gene. The encoded transmembrane protein, called pendrin, has been found to be able to transport chloride and other anions. Design: The aim of the present study was to characterize a family with PS, which shows a strong intrafamilial phenotypic variability, including kidney atrophy in one member. The age of disease-onset was significantly different in all three affected siblings, ranging from 2 to 21 years for thyroid alterations and from 1.5 to 11 years for SNHL. Methods: Clinical and genetic studies were carried out in affected siblings. The functional activity of the novel duplication found was studied by a fluorimetric method in a human renal cell line (HEK293 Phoenix) in which the protein was overexpressed. Results: All three siblings were found to be compound heterozygotes for the missense mutation (1226GOA, R409H) and for a novel 11 bp duplication (1561_1571CTTGGAATGGC, S523fsX548). The latter mutation creates a frameshift leading to the loss of the entire carboxy-terminus domain. Functional studies of this mutant demonstrated impaired transport of chloride and iodide when expressed in HEK 293 Phoenix cells, when compared with wild type pendrin. Conclusions: A novel 11 bp duplication was found in a family with Pendred syndrome, showing a high intrafamilial phenotypic variability. An impaired transmembrane anionic transport of the mutated SLC26A4 protein was demonstrated in functional studies using a heterologous cell system.
Introduction
In 1997, the SLC26A4 (or PDS, OMIM 605646) gene was cloned and mapped on chromosome 7q22-31.1 (1). It codes for a protein called pendrin, which is mainly expressed not only in the thyroid, inner ear, and kidney, but also in the breast, endometrium, placenta, and testis (2) (3) (4) (5) (6) (7) . Pendrin is thought to be composed of 12 transmembrane domains with an intracellular N-terminus and C-terminus (8, 9) . Mutations of this gene have been associated, in compound heterozygosity or in homozygosity, with Pendred syndrome (PS), an autosomal recessive disorder first described in 1896 and characterized by the association of sensorineural hearing loss (SNHL) and goiter (10) . The phenotype of PS is highly variable with regard to deafness, goiter, and thyroid function (12) (13) (14) (15) . Sensorineural deafness is congenital, and in most cases has a progressive course. However, in some patients it is already severe at birth. Deafness is associated with radiologically detectable structural malformations of the inner ear. In particular, typical malformations are both an enlarged vestibular aqueduct (EVA) and an enlarged endolymphatic duct and sac (EED and EES) (16, 17) . SNHL is a constant feature of PS, whereas goiter is observed in about 50% of the affected individuals and can vary from a slight enlargement to a large multinodular goiter, with the time of onset ranging from the first months of life until puberty. The goiter is the consequence of a partial iodide organification defect, as demonstrated by the positive perchlorate discharge test. However, the defect is only partial and most patients are euthyroid or subclinically hypothyroid (18) . The clinical features of PS are the consequence of impairment in the function of pendrin. Indeed, in the inner ear pendrin is involved in the endolymph pH control and its dysfunction, owing to an altered endolymph composition, which results in an enlargement of the membranous labyrinth structures and the damage of the neuroepithelium secondary to osmotic and toxic mechanisms (3) .
At the thyroid level, the role of pendrin is not clear. Some groups, including ours, gave evidence that pendrin could function as a transporter of iodide at the apical pole of the thyroid cell and its impaired function could thus lead to the iodide organification defect observed in these patients (8, 9, (19) (20) (21) . However, since the thyroid phenotype is often mild or absent, it has been hypothesized that in the absence of pendrin function, an iodide flux into the colloid space may still occur through other transport systems beside SCL26A4 or through the intervention of other genetic and environmental factors (22) . Pendrin is also expressed in the kidney, where it plays a crucial role in bicarbonate secretion and in the acid-base balance besides chloride reabsorption (4, 23) . It is reasonable to hypothesize that patients affected with PS may have disturbances of renal function, especially in the regulation of electrolytes and acid-base balance. However, no abnormalities of systemic pH or serum chloride levels have been reported in PS patients, possibly due to the redundancy of compensatory mechanisms in the kidney.
After cloning of the SLC26A4 gene, more than 100 different mutations have been described (http://www. medicine.uiowa.edu/pendredandbor) in patients with classical PS or affected with a non-syndromic hearing loss named familial EVA syndrome or DFNB4 and characterized by the typical inner ear malformations without thyroid abnormalities (24) . The vast majority of PDS mutations involve a single nucleotide (either missense, non-sense, or splice-site). In the present study, a novel 11 bp duplication of the SLC26A4 gene is described and functionally characterized. Interestingly, this mutation was found in compound heterozygosity in a family with an extremely variable phenotype.
Materials and methods

Patients
Patients MM, MA, and MC were born to apparently nonrelated parents who have normal hearing, no signs of hypothyroidism and no goiter. Patient MC came to our attention for pre-conceptional genetic counseling.
Patient MM, female aged 45 years, had a diagnosis of SNHL at the age of 5 years. At that time, she had normal speech. The SNHL showed a progressive worsening in the following years up to a profound hearing deficit (80 dB). At 21 years of age, due to the appearance of fatigue, thyroid function was explored and a mild hypothyroidism was diagnosed, with normal free triiodothyronine (FT3) levels, slightly decreased free thyroxine (FT4) levels (9.8 pmol/l), and thyrotropin (TSH) levels above the normal range (8.9 mU/l). Thyroid ultrasound performed at the same age showed a small multinodular goiter, and the patient began L-T4 replacement treatment. Moreover, at 30 years of age, a bilateral renal atrophy was documented and the patient was submitted to right kidney transplantation at age 41. She was also affected by secondary hyperparathyroidism and had normal IQ.
Patient MA, male aged 44, had a diagnosis of SNHL at the age of 18 months, in a prelingual period. Again, deafness showed a progressive worsening, up to a profound hearing deficit (80 dB). Due to the supposed diagnosis of PS in the sister, thyroid function was also evaluated in her two brothers. In patient MA, a hypothyroidism with low free thyroid hormones levels and TSHZ15 mU/l was diagnosed at the age of 2 years, and L-T4 replacement treatment was started. He had a low IQ and language disturbances.
Patient MC, male aged 42, experienced the sudden appearance of a profound SNHL (80 dB) at the age of 11 years. At that time, the patient had normal speech. At the age of 5 years and 4 months, the diagnosis of subclinical hypothyroidism with normal free thyroid hormones levels and elevated TSH (8.1 mU/l) was made and L-T4 replacement treatment was immediately started. Thyroid ultrasound showed a slightly enlarged gland. Patient MC had a normal IQ. None of the three patients reported symptoms suggestive of vestibular dysfunction.
Clinical analyses
Serum TSH, free T4, free T3, thyroglobulin, and antithyroglobulin/anti-thyroperoxidase antibodies levels were measured by an immunometric assay (AutoDelfia; Wallac, Turku, Finland). Normal value ranges are 0.25-4.2 mU/l for TSH, 9-20 pmol/l for FT4, and 3.8-8.0 pmol/l for FT3. In all patients, ultrasound (US) of the neck was carried out, and the thyroid volume (TV) was calculated by the ellipsoid formula.
A thyroid scintigraphy (TS) with 123 I and a perchlorate discharge test were performed. In particular,
123
I was administered intravenously and counts were obtained at 1 and 2 h. For the discharge test, 1 g of potassium perchlorate ðKClO K 4 Þ was administered orally and the uptake was calculated after 1, 2, and 3 h respectively.
In the three patients, the presence of alterations of the cochlea and of the VA was tested by high-resolution computed tomography (CT) of temporal bones in the coronal and axial planes (1 mm contiguous sections). The VA was considered enlarged when its diameter at the midpoint between the common crus and the external aperture was 1.5 mm or more on thin CT sections (16) . High-resolution fast-spin echo (FSE) T2-weighted magnetic resonance imaging (MRI) was carried out (in axial and coronal planes) to study the membranous labyrinth and in particular the endolymphatic duct and sac (ED and ES). ES is rarely seen in normal subjects, despite highquality FSE MR images, and it is considered enlarged when the diameter exceeds 2.5 mm (17).
Molecular studies
DNA was extracted by standard methods from the whole blood of the three patients and their parents. In patient MC, all 20 coding SLC26A4 exons were amplified using primers flanking each exon, as previously described (1). The experimental studies were approved by the ethics committees of each Institution. Informed consent was obtained for all screened subjects.
Functional analysis
In order to evaluate the functional activity of the novel mutation found in the present family, the properties of pendrin transport were studied by a fluorimetric method in a human renal cell line (HEK293 Phoenix) in which the protein was overexpressed (21) . To this purpose, a plasmid containing the mutated SLC26A4 sequence was generated by site-directed mutagenesis (Quik Change site-directed mutagenesis kit, Stratagene, La Jolla, CA, USA) starting from the SLC26A4 WT cDNA previously cloned and characterized (25) . The following primers were used: forward: 5 0 -CCTTCTTGGAATG-GACTTGGAATGGCCTTGGAAGCATCCCTAGC-3 0 , and reverse: 5 0 -GCTAGGGATGCTTCCAAGGCCATTCCAAG-TCCATTCCAAGAAGG-3 0 .
Cell culture and transient transfection HEK 293
Phoenix cells were grown as previously described (21) . For in vivo fluorometric chloride/iodide measurements, HEK 293 Phoenix cells were transiently transfected with wild type pendrin (pendrin WT ) or mutated pendrin showing the duplication (pendrin S523fsX548 ), cloned into the pIRES2-EYFP vectors; cells transfected with the empty plasmid (pIRES2-EYFP) were used as negative control. The vector used in this study allows to coexpress at the same time pendrin or its mutant as well as EYFP, by transfecting only one plasmid. The bicistronic mRNA will produce two separated proteins in the same cell; in this way, the functional integrity of the protein under study will be maintained, and the transfection efficiency will be easily determined, as the transfected cells will show yellow-green fluorescence. The day before transfection, cells were seeded in poly-Llysine-treated glass coverslip (Ø 40 mm), placed into Petri dishes (Ø 60 mm), and grown to 60-80% confluency. HEK 293 Phoenix cells were transfected by calcium-phosphate coprecipitation method: for each coverslip, 6 mg plasmid dissolved in 162 ml water were mixed with 18 ml buffer A (2.5 M CaCl 2 , pH 5.8) and 180 ml buffer B (140 mM NaCl, 1.5 mM Na 2 HPO 4 , 50 mM HEPES, pH 7.05 adjusted with NaOH). After incubation for 15-20 min at room temperature, the transfection mixture was spread over the cells. The experiments were performed 48 h after transfection.
Fluorometric analyses A fluorimetric method previously validated by our group was used to evaluate the chloride/iodide transport of SLC26A4 harboring the novel 11 bp duplication found in the family studied in the present work (26 
Results
Clinical data
All patients had a normal thyroid function under L-T4 replacement treatment (1.25, 1.5, and 1.6 mg/kg/day for patient MM, MA, and MC, respectively). Anti-Tg and anti-TPO antibodies were negative in the three patients. Upon ultrasound examination, patient MM showed a small multinodular goiter (23 ml). Patient MA had a normal TV (7.2 ml), without echographic pattern alterations and nodules, while patient MC had a large multinodular goiter (65.7 ml) with tracheal deviation. The perchlorate (KClO 4 ) test, performed by measuring radiolabeled iodide thyroid uptake before and after the oral administration of 1 g of KClO 4 , was positive in all patients with discharge rates of 40-60% of basal radioiodine uptake.
In the three siblings, malformations of the inner ear were documented. At CT scan, the VA was bilaterally enlarged, with a diameter ranging from 2 to 4 mm. The ED and ES resulted as enlarged in all patients at MRI examination, with a ES diameter ranging from 4 to 11 mm. Patient MA also had a dysplastic cochlea (Mondini malformation), which was not found in patients MM and MC (Fig. 1) .
Mutation analysis
SLC26A4 sequence analyses showed a compound heterozygous pattern in the three patients: a known common missense mutation in exon 10 (1226 GA) and a novel 11 bp duplication in exon 14 (1561_1571dupCTTG-GAATGGC; Fig. 2 ). The first mutation leads to the substitution of arginine for histidine at codon 409 (R409H) and the second leads to a frameshift with the creation of a stop codon at 548. According to the nomenclature used, the latter mutation is denoted as S523fsX548 (27) . Both mutations were inherited from the non-consanguineous parents. Whereas the mother is heterozygous for the 11 bp duplication mutation (S523fsX548), the father is heterozygous for the missense mutation (R409H; Fig. 3 ).
Functional analyses
After expressing pendrin S523fsX548 , an impaired Cl K /I K exchange can be documented in HEK 293 Phoenix cells (Fig. 4A) . The intracellular fluorescence after iodide substituting for chloride in the bath solution (135 mM iodide instead of chloride) is decreased if wild type pendrin (pendrin WT ) is expressed. Conversely, following the same protocol, after the expression of pendrin S523fsX548 no decrease in fluorescence can be observed. A similar result was obtained when the empty vector was used for transfection (in both latter cases a slight increase of fluorescence can be observed instead of a decrease; Fig. 4B ) Returning to the initial conditions (i.e. 135 mM chloride instead of iodide in the bathing solution) results in an increase in fluorescence (positive DF%) for pendrin WT as a consequence of the diminished quenching of EYFP that follows the iodide efflux in exchange with chloride. Control and pendrin S523fsX548 behave differently, continuing to show a slight increase in fluorescence as already observed when iodide substituted for chloride. The observed increase possibly reflects some osmotic perturbation induced by solution substitutions leading to an aspecific anion leakage and/or cell shrinkage.
Discussion
Mutations in SLC26A4 appear to be responsible for a number of overlapping clinical conditions ranging from nonsyndromic hearing loss (familial EVA syndrome or DFNB4) with widened VAs to typical PS with evident thyroid signs. The majority of SLC26A4 variants are missense substitutions, while a smaller subset consists of nonsense mutations with or without frameshift, and there are several mutations affecting splice donor or acceptor sites.
The present study reports the functional characterization of a novel 11 bp duplication (resulting in S523fsX548), which was found in compound heterozygosity with a missense mutation leading to substitution of R409H. This duplication creates a frameshift with stop codon at 548 and the deriving truncated protein lacks the entire carboxy-terminus In particular, after exchanging extracellular chloride for the same amount of iodide and viceversa, in cells expressing pendrin WT the EYFP fluorescence variations were rapid and reversible, contrary to what was observed for both pendrin S523fsX548 and control. These data are consistent with the phenotype observed in the respective patients. The missense mutation R409H has been associated with PS in several cohorts and has been shown to impair pendrin function (28) (29) (30) (31) , in agreement with the phenotype resulting from the compound heterozygosis described in the affected members.
The present family is of particular interest, since it displays a high phenotypic variability. Indeed, despite the presence of major inner ear malformations responsible for a profound SNHL, the age of onset and the progression of deafness were significantly different in the three patients tested. Patient MM had the first diagnosis of SNHL at age 5 with a progressive worsening in the following years up to a profound deficit, and patient MA was diagnosed with SNHL at 18 months and also showed a progressive worsening up to a profound hearing deficit. In contrast, patient MC experienced the sudden appearance of a profound SNHL at the age of 11. All three siblings had a comparable degree of EVA, excluding the hypothesis that the severity of the inner ear malformation could be a major determinant of the observed variability. Similarly, the diagnosis of hypothyroidism was made during childhood in the two male patients and at age 21 for their sister. The respective TVs range from normal (MA) to large multinodular goiters (MC). Interestingly, patient MM suffers from a renal disease and has been submitted to kidney transplantation and patient MA has a low IQ and language disturbances despite early start of replacement therapy at the diagnosis of subclinical hypothyroidism.
Intrafamilial and interfamilial phenotypic variability, mostly in terms of presence/absence and severity of thyroid and inner ear malformations, have been reported by other groups (12) (13) (14) 32 ). In the family tested in the present work, the extreme variability can not only be found in the degree of hearing impairment, but also in the time of onset for the thyroid alterations. Moreover, the evidence of a renal dysfunction in one patient is particularly interesting because this alteration in PS is seldom seen, however expected, since the SLC26A4 transporter is involved in kidney acid-base regulation and blood volume maintenance (33) (34) (35) . However, no evidence exists about a direct cause-effect relationship between impaired pendrin function and kidney atrophy, and this finding could be a mere coincidence. The reason why the three tested family members suffering from PS show this pronounced phenotypic variability is unknown. The degree of iodide deficiency has been supposed to be a modifying factor in PS (36), but other environmental or genetic factors are also likely to be involved. These include the action of modifier genes that indeed have been demonstrated to play an important role in disease variability in other autosomal disorders (37) .
In conclusion, the identification of novel complex mutation expands the spectrum of mutations in the SLC26A4 gene. The impairment of chloride and iodide transport recorded for the mutant further supports the hypothesis that pendrin could play a crucial role in iodide transport from the thyroid cell to the colloid. The clinical studies on the present family confirm that the PS phenotype is extremely variable, both for the degree of impairment and the time of onset, the inner ear malformations being the only constant phenotypic feature. 
